Encompassing the cellular events associated with Ca2+-dependent exocytotic secretion is the turnover of membrane phospholipids. Attempts to correlate changes in specific phospholipids with functional activity in secretory glands have dealt mainly with PtdIns (Laychock & Putney, 1982) . In the exocrine pancreas, two separate pathways for stimulated PtdIns degradation appear to exist, in that secretagogues induce the release of arachidonic acid from Ptdlns (Marshall et al., 1980; Halenda & Rubin, 1982) , as well as the breakdown and resynthesis of PtdIns by way of diacylglycerol formation and subsequent conversion of diacylglycerol into phosphatidic acid (PtdIns cycle) (Hokin, 1968; Hokin-Neaverson, 1977; Halenda & Rubin, 1982) .
The phosphorylated derivatives of Ptdlns [Ptdlns(4,5)P2 and PtdIns4P], generally termed the polyphosphoinositides, are also degraded during stimulation of the exocrine pancreas, with a more rapid time course than for Ptdlns breakdown (Putney et al., 1983) . The pathway involved in this Abbreviations used: PtdIns, phosphatidylinositol; PtdIns4P, phosphatidylinositol 4-phosphate; PtdIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate; InsIP, inositol 1-phosphate; Ins(1,4)P2, inositol 1,4-bisphosphate; Ins(1,4,5)P3, inositol 1,4,5-trisphosphate; InsP2, inositol bisphosphate; InsP3, inositol trisphosphate; Hepes, 4-(2-hydroxyethyl)-i-piperazine-ethanesulphonic acid.
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hydrolysis in fly salivary glands appears to be via a phosphodiesterase that acts directly on Ptdlns(4,5)P2 to form diacylglycerol and InsP3. The latter is then degraded sequentially to InsP2, Insl P and myo-inositol (Berridge, 1983) . Berridge (1983) (Peikin et al., 1978) . Acini were then washed and preincubated for 30 min in bicarbonate-free Krebs-Hensleit medium containing 0.1 mg of trypsin inhibitor, 10mM-glucose, 4% (w/v) (300!ul) were taken at various time intervals, and the reaction was stopped by adding 1.2ml of icecold 4.5% (v/v) HCIO4. The samples were cooled for 10-20min on ice, and then an additional 300pl of medium was added and the samples were centrifuged at 2000g for 5min. A 1.6ml sample of the supernatant was then, neutralized with a sufficient volume of 0.5M-KOH/9mM-Na2B407/ 1.9 mM-EDTA/3.8 mM-NaOH to give pH 8-9.
[3H]-Inositol-labelled water-soluble compounds were analysed by anion-exchange chromatography on Dowex-1 (X8; formate form) columns as described previously . Since this technique does not distinguish between various possible isomers of the inositol phosphates, the fractions are designated as Insi P, InsP2 and InsP3 without reference to the position of the phosphate groups on the inositol ring. Radioactivity was determined by scintillation counting, by using 8 ml of Beckman Ready Solv EP plus 50ul of concentrated acetic acid.
To measure [3H] inositol radioactivity in the phospholipids, 200!LI of acini was mixed with 400,ul of medium before the addition of drugs; 2.25 ml of chloroform/methanol/6M-HCl (40: 80: 1, by vol.) was then added, and the phospholipids were extracted for 30min at room temperature.
Chloroform (750 jl) and 2M-KCI (750 pl) were then added, and two phases were obtained by centrifugation for 5min at 2000g. The lower phase was removed, dried under a stream of N2, and counted for radioactivity by liquid-scintillation spectrometry. Amylase content of medium and acinar lysate was determined as previously described (Halenda & Rubin, 1982) . All values are presented as means + S.E.M. Statistical evaluation of the data was by paired Student's t test.
Results
In a previous study, carbachol induced a rapid decrease in 32p label in Ptdlns(4,5)P2 in pancreatic acini (Putney et al., 1983) . The present study supports the previous contention (Putney et al., 1983 ) that a phosphodiesterase is the primary enzymic mechanism for this receptor-mediated effect by demonstrating a rapid increase in [3H] (Fig. la) . All of the changes induced by carbachol were inhibited by atropine (Table 1) . In unstimulated acini, the contents of [3H]inositol phosphates remained very low over the 30min incubation period (Fig. 1) .
The effects of other pancreatic secretagogues on the formation of water-soluble inositol phosphates were also determined for comparison with the actions of carbachol. Peptidergic stimuli, like carbachol, are Ca2+-mobilizing secretagogues that also cause breakdown of PtdIns and polyphosphoinositides (Hokin-Neaverson, 1977; Putney et al., 1983) . After a 30min exposure to caerulein, (Halenda & Rubin, 1982; Putney et al., 1983) . In the present study, ionomycin elicited a modest but significant increase in InsI P(2.5-fold) and InsP2 (5-fold), but failed to alter significantly the content of InsP3 (Table 1) . This finding lends support to our previous contention (Putney et al., 1983 ) that ionomycin-induced polyphosphoinositide breakdown occurs by a mechanism other than that mediated by phospholipase C. Phorbol dibutyrate failed to elicit any significant alteration in the amount of InsIP, InsP2 or InsP3 (Table 1) , although amylase secretion increased from 2.7 (± 1.6)% at 5min to 18 (±4)% of total at 30min (stimulated minus basal) (n = 6). Ionomycin and phorbol esters are both secretagogues that bypass surface receptor mechanisms: ionomycin by direct ionophoric transport of Ca2+ (Kauffman et al., 1980) and phorbol esters by direct activation of Ca2+-phospholipid-dependent protein kinase (protein kinase C) (Castagna et al., 1982; Kraft & Anderson, 1983 ). The inability of either agent to mimic the effects of carbachol on inositol phosphate formation supports the hypothesis that the latter is a direct consequence of receptor activation and represents an early step in the stimulus-response coupling pathway. there were large increases in InsIP, InsP2 and InsP3. The biggest change was found in the InsP3 fraction, which increased 17-fold (Table 1) .
In previous studies, ionomycin was a potent stimulus for amylase secretion, although its effects on inducing the breakdown of Ptdlns or polyphosphoinositides did not mimic those of carbachol
Discussion
In exocrine pancreas two separate pathways coexist for Ptdlns degradation, involving phospholipases A2 and C (Halenda & Rubin, 1982) . Although the receptor mechanisms regulating arachidonic acid turnover and the Ptdlns cycle are closely linked (Halenda & Rubin, 1982) , the breakdown of PtdIns and the polyphosphoinositides is an early receptor-coupled event in the exocrine pancreas which, in contrast with the release of arachidonic acid, is not dependent on agonist-induced Ca2+ release from cellular stores (Putney et al., 1983) .
The present study provides deeper insight into the role of phosphoinositide turnover in the secretory process by demonstrating that the pancreatic secretagogue carbachol causes a rapid and striking increase in the formation of inositol phosphates. Since the breakdown of inositol phospholipids and (presumably) the resulting formation of inositol phosphates is not dependent on Ca2+ mobilization, this biochemical sequence, expressed through muscarinic receptors, may be a progenitor of the common Ca2+ signal culminating in enhanced secretion. Indeed, the time course of InsP3 formation coincided with the time course of secretagogue-induced amylase secretion (Halenda & Rubin, 1982) . Moreover, Streb et al. (1983) have shown that Ins(1,4,5)P3, but not Ins (1,4) sensitive macroelectrode) from endoplasmic reticulum of saponin-permeabilized pancreatic acini. In this context, Berridge (1983) observed a large increase in InsP3 5s after exposing the blowfly salivary gland to 5-hydroxytryptamine, with no change in the amounts of Ins 1 P or free inositol. These results, taken together with our own findings and those of Streb et al. (1983) , strongly implicate Ins(1,4,5)P3 as a potential second messenger linking receptor activation to Ca2+ release from cellular stores.
The large increase in InsP3 formation observed during secretagogue-induced cellular activation supports the belief that a primary action of pancreatic secretagogues is to activate a phosphodiesterase (phospholipase C) which acts directly on PtdIns(4,5)P2 to form diacylglycerol and InsP3. The comparable rapid time course of InsP2 formation supports the contention that it, too, is formed (at least in part) from its respective phospholipid precursor PtdIns4P, although it is likely that a portion of the InsP2 is derived from hydrolysis of InsP3. The greater latency in InslP production suggests that it is formed from the breakdown of InsP3 and InsP2. As first suggested by Michell et al. (1981) , Ptdlns breakdown may then merely reflect a compensatory repletion of the polyphosphoinositide pool by phosphorylation of PtdIns by specific kinases. The proposal that receptor activation causes phosphodiesteratic breakdown of both polyphosphoinositides, but not of phosphatidylinositol, is similar to the conclusion drawn by Aub & Putney (1984) for the parotid gland. By contrast, the low cellular contents of inositol phosphates observed in the absence of stimuli, indicative of low basal phosphodiesterase activity, would be compatible with the low concentration of free Ca2+ in the resting pancreatic acinar cell.
A question that necessarily arises from these findings is whether intracellular InsP3 is likely to increase on receptor activation to concentrations that Streb et al. (1983) (Michell, 1975) , the specific radioactivity of polyphosphoinositides and their breakdown products, the inositol phosphates, may be similar to that of total cellular inositol lipids (largely PtdIns). Thus, from concurrent measurements of lipid 3H, the net increases in InsP3 during the first min after carbachol stimulation, during which time the maximum rate of Ca2I release occurs (Stolze & Schulz, 1980) , is estimated to be about 0.3% of cellular Ptdlns radioactivity. From the knowledge that the pancreatic Ptdlns content is 11.8nmol/mg of protein (Farese et al., 1982) and that the pancreatic acini contain about 4,u1 of intracellular water/mg of protein (Preissler & Williams, 1981) , the rise in the intracellular InsP3 concentration will be about 8.8gM. Li' increased InsP3 3-fold in stimulated cells; thus the corrected value would be about 3/UM, which is sufficient to cause maximum release of intracellular Ca2+ (Streb et al., 1983) . However, it must be emphasized that, if specific pools of Ptdlns or polyphosphoinositides are utilized in the pancreas, this calculation could be in error. We hope that the development of more refined biochemical techniques to quantify cellular inositol phosphates will provide deeper insight into the relationships between inositol-lipid breakdown and Ca 2 mobilization in pancreatic acinar cells.
In summary, the present study has demonstrated that the phospholipase C-mediated breakdown of the polyphosphoinositides with the resulting formation of inositol phosphates is an early step in the stimulus-secretion coupling pathway in rat exocrine pancreas. Although the existing evidence suggests that the same receptors may be responsible for stimulating both inositol phospholipid degradation and Ca2+ mobilization, further studies may be required to prove whether inositol phosphate production is a necessary prelude for the Ca2+ mobilization that triggers amylase secretion.
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